Biosensors using artificial recognition elements have generated intensive interest from scientists and medical professionals in recent years. Their high stability and sensitivity make them easier and less costly to use, store, and manufacture than sensors based on biological recognition elements. Surfaceimprinted sensors using the organic self-assembled monolayers (SAMs) of functionalized oligomers on gold surfaces have the advantages of high contact areas, fast response, easy construction, as well as integration of the recognition element with the transducer, all of which can lead to high sensitivity.
Introduction
A biosensor includes two key components: a bioreceptor (recognition element) and a transducer. The recognition element is responsible for selective binding of the target analytes, and the transducer produces the signal in accordance with the binding amount of the target analyte. The signal transition principle of the transducer can be based on the mass [1] , optical [2, 3] , sound [4] [5] [6] , fluorescence [7] [8] [9] , electrochemical [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , or thermal response [24] . The recognition elements are usually biological agents which can be enzymes [25] [26] [27] , antibodies [28] [29] [30] , DNA [26, 28, 31, 32] , microbes [33] [34] [35] [36] [37] [38] [39] [40] [41] , plant or animal cells [25, 42, 43] , etc. While these biological agents give excellent sensitivity and selectivity to the recognition elements, they also face limitations in the practical applications, owing to their instability against harsh environments such as high temperatures, extreme pH and organic solvents [44] [45] [46] [47] . Also, the synthesis of the antibodies can be expensive and time consuming [46, 48] . To alleviate or overcome these problems, various artificial recognition elements have been developed [49, 50] , among which molecular-imprinted (MI) recognition elements have attracted intensive interest for research and investigation, and have brought dramatic increase in their application in new biosensors for the past two decades [51] . The principle of molecular imprinting is analogues to the formation of the antibodies proposed by Pauling [52, 53] , in which a cross-linked polymer is formed around a template molecule. After removal of the template, an imprint "foot-print" containing functional groups capable of chemical interaction remains in the polymer matrix. The shape of the imprint and the arrangement of the functional groups are complementary to the structure of the template. This imprinted polymer matrix will then have a higher affinity to re-absorb and bind to the same template molecules compared to other molecules [54] . The traditional 3D molecular imprinting, although has the advantage of high precision due to the chemical interaction of the binding sites, has a relatively slow response time, as the recognition sites buried inside of the matrix are not subject to immediate access by the target molecules [55, 56] . Also, the bulk polymer recognition element doesn't enable the integration with the transducer. Surface imprinting using the self-assembled monolayers (SAMs), as a subcategory of molecular imprinting method, has overcome the problems of slow response of the traditional MI element, owing to the extremely small thickness of the sensor, which offers the benefit of faster response and the integration of the recognition element with the transducer [57] . Also, the price of the molecularly imprinted recognition element could be two orders of magnitude lower than those made with the antibodies [58] . Application of surface imprinting in the detection of a variety of small molecules has achieved success in the recent decades [57, [59] [60] [61] ; however, the application of the technique in the detection of bio-macromolecules is relatively new, mainly due to the challenges of maintaining the viability and configuration of the bio-macromolecules during the sensor fabrication process. As the SAMs formed by the organic molecules are mostly only soluble in organic solvents, while bio-macromolecules will lose viability or change configuration in these solvents, the production of the solutions that dissolve the organic molecules while maintaining the configurations of the bio-macromolecules becomes a key issue. In this article, recent progress made by several research groups in the surface-imprinted biosensor is reviewed, which include sensors for globular proteins, cancer markers and viruses [62] .
Review of various technical aspects for the formation of self-assembled monolayers and surface molecular imprinting
Self-assembly is a process of spontaneous selfassociation of the interlocking components to form a well-organized supramolecular structure that represents the thermodynamic equilibrium under a given set of experimental conditions [63] . SAMs are ordered molecular assemblies formed by the adsorption of an active surfactant on a solid surface [64] . The formation of monolayer of molecules on a solid/liquid interface is driven by specific interactions between the functional groups of the self-assembling molecules and the surface. The process is followed by a self-organization of the molecules which is stabilized by an interplay of non-covalent or covalent interactions among the self-assembling molecules [58, 64] . Because the formation of the SAMs depends on the interaction of the head groups of the molecules and the substrate, the tail groups of the self-assembling molecules can render the surfaces a wide variety of physical/chemical properties, such as a controlled hydrophilicity/hydrophobicity [65, 66] , affinity to proteins [67] , electrostatic charge [68] , and electrical conductivity [69] .
The major categories of SAMs that have been most widely studied include [64]:
1. Monolayers of fatty acid. This is the result of the spontaneous adsorption of long-chain alkanoic acids (C n H n+2 COOH) on metal oxide surface. The driving force of the interaction is the formation of a surface salt between the carboxylate anion and the surface metal cation. 2. Monolayers of organosilicon derivatives. This type of SAM is formed by alkylchlorosilanes, alkyloxysilanes, alkylaminosilanes on hydroxylated substrates. The driving force of the formation is in situ formation of the polysiloxane that is connected to the substrate silanol groups (-SiOH) via Si-O-Si bond. In order to form the high quality SAMs of alkyltrichlorosilane derivatives, the humidity of the environment and the amount of the water in the solution have to be carefully controlled. Insufficient water will lead to formation of incomplete monolayer, while excess water will result in facile polymerization in solution and polysiloxane deposition on surface. Usually contained mixed monolayers of more than one component on polar surfaces from anhydrous organic solutions [80, 81] . On studying the thermal behavior of the monolayers prepared by covalent, ionic, and physical bonds, Sagiv et al. also found that, the covalently bound octadecylsiloxane (ODS) exhibits exceptional thermal stability, that heating to 110 °C caused only slight disorientation of the chains in ODS, and no sharp melting was detected by Fourier transformed -infrared spectroscopy (FT-IR) [82] . The formation of the mixed monolayers containing both physisorbed and chemisorbed molecules made the removal of the physisorbed components possible [66, 83, 84] . Sagiv proposed that the remaining skeleton monolayers after removal of the physisorbed molecules have holes of molecular dimensions that may be used as specific adsorption sites. To investigate this hypothesis, they formed the mixed monolayers in the presence of surfactant dyes, which were only physically adsorbed on the surface in contrast to the monolayers that were covalently linked. The dye molecules were washed away, leaving holes in the polymerized silane network. This study can be considered as the first successful surface molecular imprinting experiment [83, 84] .
Zhou et al. successfully applied the surface molecular imprinting (SMI) in detecting several chemical species [85] [86] [87] . In one of their studies, Zhou et al. used SMI to fabricate the sensor for methylphosphonic acid (MPA), the degradation product of sarin, which is a lethal compound that can be used as the biological weapon. In this approach, MPA (template) and octadecyltrichlorisilane (OTS) were co-adsorbed onto indium tin oxide (ITO)-coated glass substrate under anhydrase condition [87] . The OTS then crosslinked and formed octadecylsiloxane (ODS) monolayer which was covalently bound to the polar surface, while the MPA molecules which was physisorbed could be removed by solvent extraction. The recognition study was performed using a potentiometer. The resulted sensor demonstrated a higher complementary steric and functionality adsorption ability to the templated sensor surface than the un-templated control surface (Fig. 1 ). The sensor also demonstrated appropriate selectivity, as MPA selectively bound to the ODS film compared to ethylphosphonic acid, propylphosphonic acid, and tert-butylphosphonic fabrication of this kind of SAM will need to be operated in a glovebox with controlled humidity. 3. Organosulfur adsorbates on metal and semiconductor surfaces. The formation of this type of SAM is based on the fact that sulfur and selenium compounds have a strong affinity to transition metal surfaces [64, [70] [71] [72] . Although organosulfur compounds co-ordinate strongly to a variety of metals, most investigations have been carried out on SAMs of thiolates on gold surface. The alkanethiol SAMs were prepared by immersing the pre-cleaned gold substrate in dilute thiol solutions, two distinctive adsorption kinetic steps can be observed: a fast step, which takes a few minutes, by the end of which contact angles are close to its limiting value and the thickness about 80-90% of its maximum; and a slow step, which lasts a few hours, at the end of which the contact angle and thickness reach their final values. The second step is a crystallization process, during which the molecule chains get out of their disordered state and organize into a crystalline state [64] . Studies on the thermal stability of the thiolate SAMs on gold have shown that desorption of thiol molecules occurs at 170-230 °C, while some loss of surface sulfur can happen at 100 °C [73, 74] .
Besides the SAMs categories reviewed above, there are other less widely studied types of selfassembled monolayers or multilayers, such as alkyl monolayers on silicon [75] , multilayers of diphospates [76] , etc. Since they don't find as wide applications in biosensors as organosilane SAMs or thiolate SAMs, application of category (2) and (3) monolayers in biosensors will be the focus of review in this article.
Owing to the flexibility to render the surface desired properties, SAM is a valuable choice for manufacturing highly selective sensor surfaces [77, 78] . Moreover, certain types of SAMs formed under appropriate conditions can offer better mechanical, thermal and electrical stability compared to biological recognition element [79] . Murray et al. discovered the formation of monolayers of bonded organosilane reagents on SnO 2 , TiO 2 , and glassy carbon electrodes under anhydrous reaction conditions. Sagiv et al. were able to form oleophobic monomolecular films that researchers only in recent years. This is mainly due to the technical difficulties encountered in the fabrication of the sensor. First, the biomolecules are large in size compared to the thickness of the SAMs, which makes the imprinting process less feasible; second, the biomolecules have more complex structures and their conformation are usually sensitive to the environment such as pH, temperature, as well as ionic strength of the solution, all of which lead to a more stringent requirement for the fabrication and the sensing conditions; last and most importantly, the formation of SAMs needs to be carried out in organic solutions, while the biomolecules require aqueous environment and will denature, precipitate or completely change their conformation in the organic solvents. Carefully designed solution is one of the key factors for the successful fabrication of the SMI biosensors. Wang et al. are among the first to explore the possibility of using the SMI in detecting biomacromoleculs including globular proteins, cancer marker proteins, and viruses [15, 10] . In Wang et al.'s approach, 11-Mercapto-1-undecanol was used to form the SAM, which was dissolved in the organic solvent, while bio-macromolecules which were acid; and only at high concentration, a small potential response could be observed for those alkylphosphonic acids (Fig. 2 ). The response time, evaluated as the time required for a 95% signal response, was ~ 50 s for 1.5×10 -2 M MPA. The study has shown that high specificity, selectivity, stability, and speed could be realized by the integration of the recognition elements with a nanoscale transducer, here, an ITO-coated electrode [87] . In a separate study, Zhou et al. used similar approach to make the sensor for dipicolinic acid (DPA), a major constituent of bacteria endospores (including B. anthracis spores), and achieved high sensitivity, selectivity, and stability as well as short response time [85] .
Detection, quantification, and validation of the technique for sensing analytes of multiple sizes ranging from small biomolecules to proteins, viruses, and bacteria
Although SMI has been successfully applied in the detection of a variety of small molecules, the investigation of applying SMI in sensing biomolecules are relatively rare and has caught the attention of reference electrode as the concentration of the target molecules increased in the solution.
Wang et al. has used this technique to build the sensors for hemoglobin, myoglobin, cancer biomarker carcinoembryonic antigen (CEA), and poliovirus, all of which have proven to have desired sensitivity and selectivity. Preliminary quantification study of the CEA sensor has shown a fair match with the result of the enzyme-linked immunosorbent assay (ELISA) test. The smallest detection amount for CEA can be as low as 2.5 ng/mL (Fig. 3 ). Wang et al. have proposed the detecting mechanism as a result of the specific hydrophobic/hydrophilic interactions between the surface amino acids of the proteins and the thiol end groups or the gold substrate ( Fig. 4) . Proteins, cancer markers, as well as the poliovirus capsid have both hydrophobic and hydrophilic domains/regions in their outer surfaces [88, 89] . It is known that the hydroxyl-terminated thiol acts as a resistant layer to protein adsorption, while gold has much higher affinity to adsorb proteins [90] [91] [92] . As a result, the hydroxyl-terminated used as the template were dissolved in di-ionized water, and the two solutions were then mixed in a 1/19 [organic/aqueous, v/v] ratio. The gold-coated silicon chip was used as the substrate and immersed in the blend solution for > 2 hours for co-adsorption of the thiol and the template molecules. The extraction of the template biomacromolecules was realized by washing with deionized water. The sensor surface formed by this approach was characterized with atomic force microscopy (AFM), water contact angle measurement, as well as grazing angle-FTIR, which have suggested that the thiol molecules fully covered the gold surface, and had formed the well-organized crystalline SAM. The imprinted sensor chip acted as the integration of recognition element and the transducer, the reaction of which to the target molecules could be tested by connecting to a potentiometer. Both the sensor chip and an Ag/AgCl reference electrode were immersed in the test solution, and the potentiometric response of the sensor electrode was measured against the adsorption onto the gold substrate happens, which is highly likely to denature the proteins and change their charges [95] ; (2) for the larger molecules, they do not fit into the cavities and no adsorption occurs due to the resistance of the hydrophilic SAM. The series of studies have not only revealed the possibility and potential of the SMI technique in selectively adsorbing bio-macromolecules in spite of the fact that the size of the template molecules is much larger than the SAM thickness, but more importantly, they have extended the concept of the molecular imprinting from the exact match in size, shape and functional groups to a re-adsorption mechanism of a partial match and memory effect by thehydrophobic/hydrophilic interaction, and hence greatly advanced the potential of the technique in terms of diversity of detecting species, simplification of fabrication conditions, as well as ease of application. Despite the effectiveness of the technique in these bio-macromolecules, the specific mechanism is at the hypothesis stage, and in-depth study to characterize the adsorption and alkanethiol SAM on the gold surface makes the hydrogen bonding to the appropriate groups of amino acid from hydrophilic regions of the target protein possible and, in addition, this part of interaction helps retaining the conformation of the protein instead of denaturing it by the strong attraction force exerted by the substrate; at the same time, the amino acid from hydrophobic regions are adsorbed to the gold surface through hydrophobic interactions and/or electrostatic forces [91] . These forces are sufficient to attract the target molecules from the solution, but weaker than covalent bonds and hence allow their removal following the templating process [93] . The cavities produced by removing the template maintain the shape of the molecule of the surface amino acid groups. Since this shape is specific and local, recognition of the analyte can be achieved even if only a small fraction of the protein surface presents at the templated electrodes [94] . For other guest molecules without these complementarities, two possibilities exist: (1) for the smaller molecules, non-reversible 
Discussion of the role of surface affinity, roughness, and chemistry
After Wang et al., a further study on a SMI sensor used for CEA detection and the exploration of imprinting mechanism was carried out by Yu et al. in the same group. The technique was expanded to detect CEA in pancreatic cyst fluid from patients, giving the technique more clinical relevance [14] . A revised quasi-3D molecular imprinting mechanism was proposed in which the roughness of the gold substrate gives additional dimension to the complementary of the template molecules to the surface and SAM matrix (Fig. 5 ). Since the goldcoated silicon substrate is not perfectly smooth, but has a surface roughness of approximately RMS 3-4 nm, when template bio-macromolecules and the thiol molecules co-adsorbed onto the surfaces, the quasi-3D dimensional surface provides shape specificity of the template molecules in addition to hydrophobic/hydrophilic interactions of different areas; the removal of the template molecules will removal of the protein/viruses is needed to prove the proposed mechanism, and has been the focus of the group in subsequent investigation.
Mathur et al. used the surface imprinting to build a biosensor for the detection of the pleural mesothelioma cancer marker hyaluronan-linked protein 1 (HAPLN1) [58] . In their study, they first used the bovine serum albumin (BSA) as a model protein to find out the optimal conditions required to imprint the similar molecular weight protein HAPLN1. Then, matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) was used to confirm selectivity of imprints. Molecular imprinting-based biosensor was successfully built to recognize HAPLN1 and it demonstrated high sensitivity by detecting low concentration of biomarker in serum/buffer solution. The sensor showed a limit of detection of picomolar concentrations with a response time of 2-5 minutes. sensing data obtained using molecular imprinting biosensor fits well with that from the ELISA method, demonstrating the potential of this method in clinical diagnosis.
In order to further apply the SMI biosensor to a broad spectrum of biomolecules, surface roughness, as a contributing factor for SMI biosensor, Surface-imprinted biosensors 9
leave behind the crevices that the target molecules with the same shape and conformation have a higher tendency to re-fit into. Compared to the previously proposed 2D imprinting model, the quasi-3D imprinting model could better explain why a SAM with approximately only 1 nm thickness could imprint larger macromolecules with a size of 3-5 nm. Natural surface roughness allows the macromolecules to be enveloped by the templating SAM. This co-deposition process was characterized by cyclic voltammetry (CV) and electrochemical impedance spectra (EIS) (Fig. 6 ).
In the CV test, redox peaks of [Fe(CN) 6 ] 4− and [Fe(CN) 6 ] 3− from electron transfer between gold electrode and electroactive moieties in solution were tracked, and observed to significantly decrease with the adsorption of the thiol and the protein, indicating the formation of condensed non-conductive thiol/CEA layer that hindered the electron transfer process; after removal of the CEA by selective washing, the peaks resumed, suggesting a high percentage of the CEA molecules were removed from the electrode surface; finally, upon the addition of 8.5 ng mL -1 of into the solution, the peaks were reduced again, which suggested an efficient recognition of CEA by a large faction of the cavities and a partial occupation of those by the CEA molecules. The EIS experiments measuring the electron transfer resistance (R et ) of the gold electrode reached the same conclusion as well.
The potentiometric response of the sensor (∆) was also studied as a function of the concentration of the CEA in the imprinting solution (c), and was found to increase with c till 15 ng/mL, below which both the sensitivity and maximum response increases with c, above which the response no longer increases. That suggested the optimal template concentration at which the largest number of cavities were created on the sensor surface. To further validate this molecular imprinting mechanism, thiol titration experiments were designed based on the electron transfer reaction. Robust potentiometric signal can be obtained for the cavities formed at 15 ng ml -1 , which is consistent with the CEA optimal imprinting condition as well. ELISA was also applied to estimate the mass of CEA absorption on gold surface, showing the similar absorption efficiency in DI water as well as MI solution.
After careful calibration with ELISA test, a standard curve for CEA can be obtained, allowing the application of CEA biosensor to complicated physiological environment. The patient cyst fluid On the top of Fig. 7(A) , optimized surface roughness is indicated for each analyte. The corresponding fitting model on both surface for small and large molecules are illustrated in Fig. 7(B) . It is clear that small molecule can fit well on smooth gold surface, whereas for the large molecule, it fits well only on rough surfaces. Once the analyte fits well to the surface roughness, larger potentiometric signal can be achieved. However, poor response can occur when the size of the analyte mismatches with the size of niche on the surface. This scheme vividly shows how surface roughness could significantly influence the quality of the imprinting, indicating the importance of matching the surface roughness with the size of analytes.
In conclusion, all of these studies prove the importance of understanding how the surface roughness governs the efficiency of molecular imprinting process. Although the actual molecular needs to be thoroughly investigated. Therefore, Yu et al. continued to propose that both the sensitivity and selectivity could be optimized as long as the surface roughness was tailored to match the size of the analyte. Multi-scale roughness gold surfaces with a large horizontal and vertical size distribution as achieved by physical vapor deposition (PVD) on smooth and rough silicon substrates, have been applied in the potentiometric detection of a large size range of analytes, ranging from protein of a few nanometers to bacteria of hundreds of nanometers. To systematically study the analytes and the corresponding roughness surfaces, more than ten types of analytes were used.
In Fig. 7(A) , the relative size of the analytes is compared and plotted, ranging from 5 nm to 2 μm. As long as the size of the analyte matches with the surface roughness, excellent sensitivity and specificity of the biosensor could be achieved. imprinting surface is still hard to visualize and characterize, the result here shows how quasi-3D model could influence the detection. More direct surface measurements are required to be applied here to better investigate this aspect of the molecular imprinting process.
Conclusions and future outlook
SMI using the SAMs on gold substrates has proven successful in building sensors for the detection of several bio-macromolecules including globular proteins, cancer biomarkers and viruses. The fabrication conditions such as the solvent types and blend ratios of aqueous/organic parts, the concentration of the organic molecules and the template bio-macromolecules, the washing method, immersion time, and the pH of the solution, as well as the surface roughness of the gold substrate, are all crucial in determining the function and the sensitivity of the sensor. The proposed mechanism has been verified by various methods: AFM, contact angle goniometry and FT-IR have been used to confirm the formation, crystallinity and stability of thiol SAMs; cyclic voltammetry (CV), electrochemical impedance spectra (EIS), and MALDI-TOF MS have been used to monitor the adsorption, removal and re-adsorption of the template bio-macromolecules. The quantification capability of the SMI sensor for CEA has been verified by comparing with ELISA in a clinical study of pancreatic cyst fluid. The high sensitivity, good selectivity and rapid response have made SMI a promising technique for the real-time detection of biomarkers, biological war-fare agents, as well as fast screening of diseases. Application of the technique in real medical diagnosis calls for improvements in several aspects including user-friendly sampling technique for in-situ detection, advanced algorithm for result screening, improved stability and re-usability, as well as proven viability in more biomolecules species, which are all under active study to turn SMI into a widely applied, robust and reliable sensor technology in the foreseeable future.
